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Description 

Background of the Invention 

[0001] The present invention relates to an electron- 5 
emitting source which is arranged in vacuum and emits 
electrons upon application of the voltage, and a method 
of manufacturing the same. 

[0002] Electron-emitting sources are used in an elec- 
tron gun as a constituent component of the picture tube 10 
of, e.g., a television. Such an electron gun (cathode) 
has a basic arrangement like the one shown in Fig. 14 
in which an electron-emitting layer 1402 is formed at the 
closed distal end of a cathode cylinder 1401 . The cath- 
ode cylinder 1401 incorporates a heater 1403. is 
[0003] The cathode cylinder 1401 is made of high- 
purity Ni doped with a reducing agent such as magne- 
sium or silicon, and has a thickness of about 0.1 mm. 
The electron-emitting layer 1402 is made of a so-called 
ternary oxide of barium oxide, calcium oxide, and stron- 20 
tium oxide. When the electron-emitting layer 1402 is 
heated to about 800°C by the heater 1403, barium is 
mainly reduced and liberated. The free barium moves 
toward the surface of the electron -emitting layer 1402 to 
facilitate electron emission. Emitted electron beams are 25 
collected by a first grid 1404 and focused on a phosphor 
screen 1 409 via a second grid 1 405, a third grid 1 406, a 
fourth grid 1407 serving as a focusing electrode, and a 
fifth grid 1408 (Fig. 14B). 

[0004] In this manner, the electron-emitting source is 30 
used in vacuum. Such electron-emitting sources are 
used in not only the electron gun of the picture tube but 
also a vacuum fluorescent display apparatus. This dis- 
play apparatus is an electron tube using emitted light 
obtained by bombarding electrons emitted by the elec- 35 
tron-emitting source against the phosphor within a vac- 
uum vessel having at least one transparent end. In 
many cases, the vacuum fluorescent display apparatus 
employs a triode structure having a grid for controlling 
the movement of electrons. In the vacuum fluorescent 40 
display apparatus, a cathode called a filament has con- 
ventionally been used for the electron-emitting source, 
and thermoelectrons emitted from the cathode are bom- 
barded against the phosphor to emit light. 
[0005] Such fluorescent display apparatuses include 45 
an image tube constituting the pixel of a large-screen 
display apparatus. The arrangement of an electron- 
emitting source used in the image tube will be described 
with reference to Fig. 15. 

[0006] The respective components of the image tube so 
are stored in a cylindrical glass valve 1501 constituting 
a vacuum vessel. The glass valve 1501 incorporates a 
cathode structure 1510 serving as an electron-emitting 
source. The cathode structure 1510 has the following 
arrangement. A back electrode 1512 is formed at the 55 
center of a ceramic substrate 1 51 1 . A filament cathode 
1 51 3 is fixed above the back electrode 1 51 2 at a prede- 
termined interval. An elliptical grid housing 1514 having 



a mesh portion 1514a is mounted on the ceramic sub- 
strate 1511 to cover the back electrode 1512 and the fil- 
ament cathode 1513. The mesh portion 1 51 4a 
spherically projects toward a phosphor screen (not 
shown) arranged inside the glass valve 1501 . 
[0007] The image tube having this arrangement emits 
electrons from the cathode structure 1510 in the follow- 
ing manner. A predetermined voltage is applied to the 
filament cathode 1513 to emit thermoelectrons. A nega- 
tive voltage with respect to the filament cathode 1513 is 
applied to the back electrode 1512. A positive voltage 
with respect to the filament cathode 1513 is applied to 
the grid housing 1514. Then, an electron beam is emit- 
ted from the mesh portion 1514a of the grid housing 
1514. The electron beam lands on a phosphor screen 
(not shown) to cause the phosphor screen to emit light. 
[0008] As described above, thermoelectron emission 
using an electron-emitting substance is basically 
adopted in a conventional electron- emitting source 
used in an apparatus such as a picture tube or a vac- 
uum fluorescent display apparatus using emission by 
the phosphor upon bombardment of electrons. The 
electron-emitting substance is made of a so-called ter- 
nary oxide of barium oxide, calcium oxide, and stron- 
tium oxide. Barium in this ternary oxide is consumed 
upon reaction with gas during use, and thus the tube is 
always replenished with barium from the electron -emit- 
ting layer. However, barium replenishment is insufficient 
even if a large current is flowed to emit many electrons. 
In addition, the electron -emitting substance is heated by 
electron emission but deteriorated by heat. 
[0009] Oxides constituting the electron-emitting sub- 
stance are very unstable in air. For this reason, in man- 
ufacturing a conventional electron-emitting source, an 
electron-emitting layer is first formed from so-called car- 
bonates such as barium carbonate, calcium carbonate, 
and strontium carbonate, incorporated in a vacuum ves- 
sel together with other components, and oxidized while 
the vacuum vessel is evacuated and aged. Accordingly, 
manufacturing the conventional electron-emitting 
source requires many steps. 

[001 0] The electron flow emitted by the conventional 
electron-emitting source greatly depends on the tem- 
perature of the electron-emitting source. If the tempera- 
ture of the electron-emitting source varies depending on 
the place, the electron flow also varies. 
[0011] The conventional electron-emitting source is 
made of the electron-emitting substance, as described 
above. However, this substance is weak with respect to 
the gas produced in the vacuum vessel of the vacuum 
fluorescent display apparatus and may deteriorate 
within a short time. 

[0012] In short, the conventional electron- emitting 
source suffers the problems of a cumbersome manufac- 
turing process, variations in emitted current flow, low 
environmental resistance, and a weak structure. 
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Summary of the Invention 

[001 3] It is therefore an object of the present invention 
to provide a resistant electron-emitting source which 
can emit a larger number of electrons and can be easily s 
manufactured. 

[0014] To achieve the above object, according to an 
aspect of the present invention, the electron-emitting 
source is made of carbon nanotubes formed from a 
columnar graphite layer. The carbon nanotubes may be 
formed from a multilayer graphite column whose tip is 
open. In general, a plurality of carbon nanotubes aggre- 
gate to a needie-like structure. 

[0015] With this structure, electrons can be emitted 
from the tips of the carbon nanotubes upon application 
of the voltage to the carbon nanotubes in vacuum. 
[0016] According to another aspect of the present 
invention, the electron-emitting source is constituted by 
fixing the carbon nanotubes to the substrate with a con- 
ductive adhesive. 

[0017] With this structure, electrons can be emitted 
from the tips of the carbon nanotubes upon application 
of the voltage to the carbon nanotubes via the substrate 
in vacuum. 

[0018] According to still another aspect of the present 
invention, the electron -emitting source is constituted by 
recessing the substrate, and filling the recess with a plu- 
rality of carbon nanotubes. 

[0019] With this structure, electrons can be emitted 
from the tips of the carbon nanotubes upon application 
of the voltage to the carbon nanotubes via the substrate 
in vacuum. 

[0020] According to still another aspect of the present 
invention, a paste obtained by dispersing, in a conduc- 
tive viscous solution, a plurality of needle-like structures 
each made of an aggregate of carbon nanotubes is pre- 
pared. A pattern of this paste is formed on the substrate. 
Portions except for the needle-like structures are 
removed from the surface of the pattern by a predeter- 
mined amount to at least partially expose the needle- 
like structures, thereby manufacturing an electron-emit- 
ting source in which the carbon nanotubes are fixed to 
the substrate. The portions except for the needle-like 
structures are removed by laser irradiation or plasma 
processing. 

[0021 ] With this processing, the needle-like structures 
can be exposed. By laser irradiation, the portions of the 
needle-like structures except for the carbon nanotubes 
can be removed to expose the electron-emitting tips. 
[0022] According to still another aspect of the present 
invention, a paste obtained by dispersing, in a conduc- 
tive viscous solution, a plurality of needle-like structures 
each made of an aggregate of carbon nanotubes is pre- 
pared. A pattern of this paste is formed on the substrate. 
Portions except for the needle-like structures are 
removed from the surface of the pattern by a predeter- 
mined amount to at least partially expose the needle- 
like structures. In addition, portions except for the car- 
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bon nanotubes are removed from the tips of the needle- 
like structures by a predetermined amount to expose 
the tips of the carbon nanotubes, thereby manufacturing 
an electron-emitting source in which the carbon nano- 
tubes are fixed to the substrate. The portions except for 
the needle-like structures are removed by exposing the 
pattern to an oxygen or hydrogen gas plasma. 
[0023] With this processing, the electron-emitting tips 
can be exposed. 
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Prief Description of the Drawings 

[0024] 

is Figs. 1 A to 1 F are views showing the arrangement 
of an electron gun using an electron -emitting 
source according to the first embodiment of the 
present invention; 

Figs. 2A to 2D are views for explaining the electron 
20 gun using the electron-emitting source according to 
the first embodiment; 

Fig. 3 is a view showing the arrangement of the 
main part of an electron gun using an electron- emit- 
ting source according to the second embodiment of 
25 the present invention; 

Figs. 4A and 4B are sectional views showing the 
arrangement of an image tube as a vacuum fluores- 
cent display apparatus using an electron -emitting 
source according to the third embodiment of the 
30 present invention; 

Figs. 5A to 5C are views for explaining a method of 
manufacturing an electron-emitting source accord- 
ing to the fourth embodiment of the present inven- 
tion; 

35 Figs. 6A to 6E are views for explaining a method of 
manufacturing an electron -emitting source accord- 
ing to the fifth embodiment of the present invention; 
Figs. 7A, 7C, and 7F are sectional views for explain- 
ing a method of manufacturing an electron-emitting 
40 source according to the sixth embodiment of the 
present invention; 

Figs. 7B, 7D, and 7E are scanning electron micro- 
graphs; 

Fig. 8 is a sectional view showing the arrangement 
45 of an image tube using an electron-emitting source 
according to the seventh embodiment of the 
present invention; 

Figs. 9 A and 9B are views for explaining a method 
of manufacturing an electron-emitting source 
so according to the eighth embodiment of the present 
invention; 

Figs. 10A to 10C are sectional views showing the 
arrangement of an FED using an electron-emitting 
source according to the ninth embodiment of the 
55 present invention; 

Fig. 11 is a plan view showing the arrangement of 
the FED using the electron-emitting source accord- 
ing to the ninth embodiment of the present inven- 
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tion; 

Fig. 1 2 is a sectional view showing the arrangement 
of an FED using an electron-emitting source 
according to the 10th embodiment of the present 
invention; 

Fig. 1 3 is a sectional view showing the arrangement 
of an FED using an electron-emitting source 
according to the 11th embodiment of the present 
invention; 

Figs. 14A and 14B are views showing the arrange- 
ment of an electron gun using a conventional elec- 
tron-emitting source; and 

Fig. 1 5 is a sectional view showing the arrangement 
of an image tube using a conventional electron- 
emitting source. 

Description of the Preferred Embodiments 

[0025] Embodiments of the present invention will be 
described in detail below with reference to the accom- 
panying drawings. 

First Embodiment 

[0026] Figs. 1 A, 1 B, and 1 C show the arrangement of 
an electron gun using an electron-emitting source 
according to the first embodiment of the present inven- 
tion. 

[0027] This electron gun comprises a stage 1 02 mov- 
able in the x and y directions on a base 101 . A needle- 
like emitter (electron-emitting source) 103 is arranged 
on the movable stage 102. An extraction electrode 104 
is fixed to the base 1 01 on the extended line from the tip 
of the needle-like emitter 103. The extraction electrode 
1 04 has an aperture 1 04a. 

[0028] More specifically, the electron gun is consti- 
tuted by a field emission type cold cathode electron 
source made up of the needle-like emitter 103 and the 
extraction electrode 104. The electron extraction effi- 
ciency can be optimized by moving the movable stage 

1 02 and controlling the position and orientation of the tip 
of the needle-like emitter 103 with respect to the aper- 
ture 104a. 

[0029] In the first embodiment, the needle-like emitter 

103 serving as an electron-emitting source is made of 
an aggregate of carbon nanotubes. More specifically, 
the needle-like emitter 103 is constituted by bundling a 
plurality of needle-like graphite columns (needle-like 
structures) which have a length of several ten urn and 
are made of an aggregate of carbon nanotubes, while 
the longitudinal directions of the columns substantially 
coincide with each other. The needle-like emitter 103 
has a length of about 5 mm and a diameter of 1 to 3 mm, 
and a portion of the needle-like emitter 103 about 0.5 to 
1 mm from the tip is tapered. 

[0030] The carbon nanotube will be explained. As 
shown in Fig. 1 D, this carbon nanotube is a fully graphi- 
tized cylinder having a diameter of about 4 to 50 nm and 



a length in 1 order. As shown in Fig. 1 E, the tip of the 
carbon nanotube is closed by a five-membered ring. 
Note that the tip may be bent and open. 
[0031] When two carbon electrodes are placed in 

s helium gas at a gap of about 1 to 2 mm, and a DC arc 
discharge is caused, a carbon nanotube is formed in a 
deposit aggregated at the distal end of the cathode-side 
carbon electrode upon evaporation of carbon of the 
anode-side carbon electrode. 

10 [0032] That is, if a stable arc discharge is continuously 
performed in helium while the gap between carbon elec- 
trodes is kept at about 1 mm, a deposited column hav- 
ing almost the same diameter as that of the anode-side 
carbon electrode is formed at the distal end of the cath- 

15 ode-side carbon electrode. 

[0033] The deposited column is made up of two parts, 
i.e., an outer hard husk and a black inner fragile core. 
The inner core has a fibrous tissue extending in the 
direction of height of the deposited column. The fibrous 

20 tissue is the graphite column described above. The 
graphite column can be obtained by cutting the depos- 
ited column. Note that the outer hard husk is polycrys- 
talline graphite. 

[0034] The graphite column is made of an aggregate 
25 of carbon nanotubes together with carbon nanopolyhe- 
dorons. As shown in Fig. 1 F, a graphite column 131 is a 
needle-like structure formed from an aggregate of car- 
bon nanotubes 132 in almost the same direction. Fig. 
1 E shows the section of an intermediate portion of the 
30 graphite column. 

[0035] Figs. 1 D and 1 E schematically show a graphite 
column in which a single graphite layer is cylindrically 
closed. However, the graphite column is not limited to 
this shape, and may have a shape in which a plurality of 
35 graphite layers are stacked in a nested structure, and 
each graphite layer is cylindrically closed to attain a 
coaxial multilayer structure. The center of the structure 
is hollow. 

[0036] In the first embodiment, the electron gun is 

40 constituted by a field emission type cold cathode elec- 
tron source made up of the needle-like emitter 103 
formed from carbon nanotubes, and the extraction elec- 
trode 104. According to the first embodiment, the cur- 
rent density (emission amount) was 10 A/cm 2 , and is 

45 theoretically 400 A/cm 2 . 

[0037] Since the position of the needle-like emitter 
103 can be controlled by the movable stage 102, even if 
the tip of the needle-like emitter 103 deteriorates and 
wears, the needle-like emitter 103 can be moved toward 

so the extraction electrode 1 04, and high electron emission 
efficiency can be easily maintained. 
[0038] In the above arrangement, the emitter is consti- 
tuted by bundling graphite columns while their longitudi- 
nal directions substantially coincide with each other, but 

55 the emitter is not limited to this arrangement. As shown 
in Figs. 2 A and 2B, a plurality of graphite columns 202 
are arranged at the distal end of a cathode cylinder 201 . 
and the electric field is applied between the cathode cyl- 
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inder 201 and an extraction electrode 203 to extract 
electrons from the graphite columns 202. The graphite 
columns 202 are fixed to the cathode cylinder 201 with, 
e.g.. a conductive adhesive. The conductiv adhesive 
is, e.g., a silver paste prepared by dispersing silver par- 
ticles in a vehicle in addition to low-softening-point frit 
glass particles as a fixing binder. Note that the vehicle is 
a viscous liquid in which a resin is dissolved in a solvent, 
and has excellent heating decomposability and volatility. 
A typical vehicle is one prepared by dissolving ethyl cel- 
lulose in terpineol. 

[0039] In this case, as shown in Fig. 2A, the longitudi- 
nal direction of the graphite column 202 is preferably 
aligned with the electron extraction direction as much as 
possible. 

[0040] Fig. 2C shows the difference in emission 
amount depending on the longitudinal direction of the 
graphite column. In Fig. 2C. (c-1) represents the emis- 
sion amount when the longitudinal direction of the 
graphite column 202 substantially coincides with the 
electron extraction direction, as shown in Fig. 2 A. (c-2) 
represents the emission amount when the longitudinal 
direction of the graphite column 202 does not much 
coincide with the electron extraction direction, as shown 
in Fig. 2B. 

[0041] As is apparent from Fig. 2C, a larger emission 
amount can be obtained when the longitudinal direction 
of the graphite column coincides with the electron 
extraction direction. 

[0042] As described above, the carbon nanotube may 
have a monolayer or multilayer structure, a structure in 
which the tip is closed by a five-membered ring, or a 
structure in which the tip is open without any five-mem- 
bered ring. When a multilayer carbon nanotube whose 
tip is open is used, a larger number of electrons can be 
emitted, as indicated by O ' n Fj 9- 2D - ln Fi 9- 2D - A rep- 
resents the current-to-voltage characteristics of elec- 
trons emitted by a monolayer carbon nanotube, and • 
represents the current-to-voltage characteristics of 
electrons emitted by a multilayer carbon nanotube 
whose tip is closed by a five-membered ring. In Fig. 2D, 
the current is a probe current (l p ) measured using probe 
holes 1 mm in diameter. The current is not a total emit- 
ted current. The distance between probe holes is 60 
mm. Second Embodiment 

[0043] Fig. 3 shows an electron-emitting source 
according to the second embodiment of the present 
invention. 

[0044] In the second embodiment, a disk-like distal 
end portion 301 having a plurality of recesses 301a on 
its front surface is attached to the distal end of a cylindri- 
cal cathode 302, and the recesses 301a of the distal 
end portion 301 are filled with an aggregate of carbon 
nanotubes. 

[0045] More specifically, the recesses 301a are filled 
with a plurality of needle-like graphite columns which 
have a length of several ten urn and are made of an 
aggregate of carbon nanotubes, while the longitudinal 



directions of the columns substantially coincide with 
each other. The distal end portion 301 has a thickness 
of about 5 mm and a diameter of about 5 mm, and com- 
prises a plurality of recesses 301 a about 0.5 mm in hole 

5 diameter. As a material for forming the distal end portion 
301 serving as a substrate, a nickel alloy, stainless 
steel, or a 426-alloy is available. 
[0046] A graphite column powder made of an aggre- 
gate of carbon nanotubes is packed into the recesses 

10 301 a at a pressure of about 5 to 6 kgw. For example, the 
formation surface for the recesses 301 a of the distal end 
portion 301 is covered with the graphite column powder, 
and the powder is pressed by a roller or the like. The 
graphite column powder may be printed in the recesses 

15 301 a by doctor blading. 

[0047] In the second embodiment, the electron-emit- 
ting source is constituted by the distal end portion 301 
having the recesses 301a filled with carbon nanotubes. 
If the distal end portion 301 replaces the emitter 103 

20 shown in Figs. 1 A, 1 B, and 1C r the electron gun can be 
constituted by a field emission type cold cathode elec- 
tron source, similar to the first embodiment, in constitut- 
ing the electron gun, the formation surface for the 
recesses 301a of the distal end portion 301 is arranged 

25 to direct the extraction electrode 104 shown in Figs. 1 A, 
1B, and 1C. When the electron gun was constituted in 
this manner, the current density (emission amount) was 
10 A/cm 2 or more, and is theoretically 400 A/cm 2 . 
[0048] The carbon nanotube is filled in and fixed to the 

30 recesses 301a without any binder. The carbon nano- 
tube is not covered with a binder, which facilitates emis- 
sion from the tip of the carbon nanotube. 
[0049] The electron gun has been exemplified, but the 
application of the electron-emitting source is not limited 

35 to this. For example, the electron- emitting source can 
be applied to a vacuum fluorescent display apparatus 
as follows. 

[0050] In this case, the electron-emitting source is 
arranged inside a vacuum vessel constituting the vac- 

40 uum fluorescent display apparatus. An anode having a 
phosphor layer is arranged in the vacuum vessel to face 
the electron-emitting source. Electrons emitted by the 
electron-emitting source are bombarded against the 
phosphor layer. The anode may be used as an extrac- 

45 tion electrode, or an extraction electrode may be 
arranged between the phosphor layer and the electron- 
emitting source. 

Third Embodiment 

50 

[0051] The third embodiment of the present invention 
will be explained. 

[0052] Fig. 4A shows the arrangement of an image 
tube as a vacuum fluorescent display apparatus using 
55 an electron- emitting source according to the third 
embodiment. 

[0053] The arrangement and manufacturing method 
of the image tube in the third embodiment will be 
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described. A glass faceplate 402 is fixed to a cylindrical 
glass valve 401 with a low-melting frit glass 403 to con- 
stitute a vacuum vessel (envelope). 
[0054] The vacuum vessel incorporates a phosphor 
screen 404, an anode structure 405, and a cathode s 
structure 406 serving as an electron-emitting source. 
Needless to say, the glass faceplate 402 is adhered and 
fixed to the glass valve 401 after the phosphor screen 
404, the anode structure 405, and the cathode structure 
406 serving as an electron-emitting source are 
arranged. 

[0055] A convex-lens-shaped spherical portion 402a 
is formed on the front side of the glass faceplate 402, 
and a collar step portion 402b is formed at the periph- 
eral portion. Although not shown, the peripheral portion 
of an inner surface 402c of the glass faceplate 402 is 
partially recessed. The phosphor screen 404 is formed 
on the major surface of the inner surface 402c, and an 
Al metal-back film 407 is formed on the surface of the 
phosphor screen 404. 

[0056] In the recess, no phosphor screen 404 formed, 
and only the Al metal-back film 407 is formed. In the 
recess, one end of an elastic contact piece 407a formed 
by press-molding, e.g., a thin stainless steel plate is 
inserted. The contact piece 407a is adhered and fixed 
to the recess with a conductive adhesive as a mixture 
of, e.g., carbon or silver and frit glass. The other end of 
the contact piece 407a extends to the inner wall of the 
glass valve 401. 

[0057] The phosphor screen 404 is formed by apply- 
ing and drying a solution prepared by dissolving a phos- 
phor mixture of, e.g., Y 2 0 2 S : Tb + Y 2 0 3 : Eu as a white 
phosphor in a solvent to a thickness of about 20 urn on 
the inner surface 402c by printing. Note that no phos- 
phor screen 404 is formed in the recess. 
[0058] The Al metal-back film 407 is formed by depos- 
iting an aluminum film to a thickness of about 1 50 nm on 
the surface of the phosphor screen 404. Since no phos- 
phor screen 404 is formed in the recess, only the Al 
metal-back film 407 is formed. 
[0059] If the Al metal-back film 407 is too thin, pin- 
holes increase to weaken reflection by the phosphor 
screen 404; if the Al metal-back film 407 is too thick, 
entrance of electrons of the electron beams into the 
phosphor screen 404 is inhibited, and emitted light 
becomes weak. It is therefore important to control the 
thickness of the Al metal-back film 407. A preferable 
thickness of the Al metal-back film 407 is about 150 nm, 
as described above. 

[0060] After the phosphor screen 404 and the Al 
metal-back film 407 are formed, the glass faceplate 402 
is calcinated by, e.g., an electric furnace in air at 560°C 
for about 30 min to remove the solvent and the like con- 
tained in the applied film. 

[0061 ] The collar-like step portion 402b formed at the 
peripheral portion of the glass faceplate 402 is adhered 
and fixed with the low-melting frit glass 403 to one open- 
ing end of the glass valve 401 about 20 mm in diameter 



and about 50 mm in length whose two ends are cut off. 
[0062] A lead pin 409 is inserted in a stem glass 408 
constituting the bottom of th glass valve 401, and the 
stem glass 408 is integrally formed with a pumped tube 
408a. An anode lead 410 is fixed to the tip of the lead 
pin 409 by welding, and a cylindrical anode structure 
(electron-accelerating electrode) 405 is fixed to the tip 
of the anode lead 410 by welding. 
[0063] The anode structure 405 is constituted by: 

a ring-like anode 405a prepared by rounding, e.g., 
a stainless steel wire (diameter: about 0.5 mm) into 
a ring shape; and 

a cylindrical anode 405b formed by winding a thin 
rectangular stainless steel plate (thickness: 0.01 to 
0.02 mm) around the outer surface of the ring-like 
anode 405a, and fixing two overlapping portions by 
welding or the like. 

[0064] The anode structure 405 is fixed such that the 
ring-like anode 405a is welded to the tip of the anode 
lead 410 at a predetermined portion, and the inner por- 
tion of the cylindrical anode 405b in contact with the 
extreme tip of the anode lead 41 0 is welded. A Ba getter 
405c is attached to part of the ring-like anode 405a by 
welding. Fig. 4A does not show the sections of the 
anode structure 405 and the lead pin 409. 
[0065] Trie above arrangement is almost the same as 
that of a conventional image tube. 
[0066] Lead pins 409a and 409b are also inserted in 
the stem glass 408. Cathode leads 41 1a and 41 1b are 
fixed to the tips of the lead pins 409a and 409b by weld- 
ing, and the cathode structure 406 is fixed to the tips of 
the cathode leads 41 1a and 41 1b by welding. 
[0067] The cathode structure 406 has the following 
arrangement. An electrode (conductive plate) 406b is 
arranged on the center of a ceramic substrate 406a. As 
shown in Fig. 4B, needle-like graphite columns 421 
which have a length of several ten urn to several mm 
and are made of an aggregate of carbon nanotubes are 
fixed in a region having a diameter of about 3 mm on the 
electrode 406b, while their longitudinal directions sub- 
stantially coincide with the direction to the phosphor 
screen 404. 

[0068] In the third embodiment, the graphite columns 
421 are fixed with a conductive adhesive 422. The elec- 
trode 406b and the graphite columns 421 fixed with the 
conductive adhesive 422 constitute an electron-emitting 
source. 

[0069] The electrode 406b and the graphite columns 
421 are covered with a housing 406d having a mesh 
portion (electron extraction electrode) 406e. 
[0070] In this way, the cathode structure 406 is consti- 
tuted by fixing the graphite columns 421 made of carbon 
nanotubes to the electrode 406b, and mounting the 
housing 406d on the ceramic substrate 406a so as to 
cover them. 

[0071] The mesh portion 406e slightly spherically 
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projects toward the phosphor screen 404. The mesh 
portion 406e may be flat. The housing 406d is formed 
by press-molding a stainless steel plate about 100 \im in 
thickness. The mesh portion 406e has a length of about 
6 mm, a width of about 4 mm, and a height of about 1 .25 
mm. The mesh portion 406e is apart 0.5 to 1 mm from 
the tip of the graphite column 421 . The interval between 
them is preferably small as far as they are not in contact 
with each other. 

[0072] In the image tube of the third embodiment hav- 
ing the above arrangement, the voltage is applied from 
an external circuit to the lead pins 409a and 409b to 
apply the electric field between the electrode 406 and 
the housing 406d via the cathode leads 41 1a and 41 1 b. 
This concentrates a high electric field at the tips of the 
carbon nanotubes of the graphite columns 421 fixed to 
the electrode 406 to extract electrons and emit them 
from the mesh portion 406e. That is, in the third embod- 
iment, the cathode structure 406 is a field emission type 
cold cathode electron source (electron-emitting source) 
using, as an emitter, carbon nanotubes 421a constitut- 
ing the graphite columns 421 . 

[0073] A high voltage is applied from an external cir- 
cuit to the lead pin 409, and to the Al metal-back film 
407 through the anode lead 410, the anode structure 
405 (cylindrical anode 405b), and the contact piece 
407a. Then, emitted electrons are accelerated by the 
cylindrical anode 405b and bombarded against the 
phosphor screen 404 through the Al metal-back film 
407. As a result, the phosphor screen 404 is excited by 
electron bombardment to emit light in a color corre- 
sponding to the phosphor constituting the phosphor 
screen 404 to the front screen through the glass face- 
plate 402. 

[0074] Also in the third embodiment, the electron- 
emitting source is made of carbon nanotubes and used 
as a field emission type cold cathode electron source. 
According to the third embodiment, the electron-emit- 
ting source can be easily used without any deterioration 
by a gas produced in the vacuum vessel because of the 
absence of a fragile component such as a filament. 
[0075] Since no filament heating power supply is 
required, the number of lead pins can be decreased, 
and the power consumption can be reduced. 
[0076] The third embodiment has exemplified the 
image tube, but is not limited to this. The electron-emit- 
ting source can also be applied to another vacuum fluo- 
rescent display apparatus having a light-emitting portion 
made of a phosphor in the vacuum vessel. 
[0077] For example, this electron-emitting source can 
be similarly applied to an image tube which changes the 
emission color with an optical filter between the glass 
faceplate and the phosphor screen, and to an image 
tube which realizes a multicolor display with a plurality 
of phosphor screens in a single vacuum vessel. 
[0078] Further, the electron-emitting source can also 
be applied to a flat tube which displays characters in 
desired shapes with a phosphor screen in a desired 



shape. 

Fourth Embodiment 

5 [0079] In the third embodiment, the electron-emitting 
source is manufactured by fixing the graphite column to 
the electron with a conductive adhesive. However, the 
manufacturing method is not limited to this. 
[0080] A method of manufacturing an electron-emit- 

10 ting source according to the fourth embodiment of the 
present invention will be described below. 
[0081] As described above, when two carbon elec- 
trodes are placed in helium gas at a gap of about 1 to 2 
mm, and a DC arc discharge is caused, a carbon nano- 

15 tube is formed in a deposit aggregated at the distal end 
of the cathode-side carbon electrode upon evaporation 
of carbon of the anode-side carbon electrode. 
[0082] This will be explained in more detail. 
[0083] As shown in Fig. 5A, an anode-side carbon 

20 electrode 502 and a cathode-side carbon electrode 503 
are arranged in a closed vessel 501. The carbon elec- 
trode 502 is connected to a current inlet terminal 502a, 
whereas the carbon electrode 503 is connected to a 
current inlet terminal 503a. The carbon electrode 502 is 

25 movable in the right and left directions in Fig. 5A by a 
slightly moving mechanism 504 capable of linear move- 
ment. Low-pressure helium gas is filled in the closed 
vessel 501. 

[0084] In this arrangement, the current inlet terminal 

30 502a is connected to a terminal (+), and the current inlet 
terminal 503a is connected to a terminal (-). While the 
electrodes 502 and 503 are set at an interval of about 1 
mm, a DC current is flowed to cause an arc discharge. 
Then, as shown in Fig. 5A, carbon of the anode-side 

35 carbon electrode 502 evaporates. The evaporated car- 
bon recrystallizes to form a deposit 505 on the distal 
end of the cathode-side carbon electrode 503. 
[0085] The electrode 502 is moved by the slightly 
moving mechanism 504 along with the growth of the 

40 deposit 505 so as to always keep the interval between 
the deposit 505 and the carbon electrode 502 at about 
1 mm. Consequently, as shown in Fig. 5B, the deposit 
505 grows to a deposited column 506 on the distal end 
of the carbon electrode 503. The deposited column 506 

45 is made up of two parts, i.e., an outer hard husk 506a 
and a black inner fragile core 506b. The inner core 506b 
has a fibrous tissue extending in the direction of height 
of the deposited column 506. The fibrous tissue is an 
above-mentioned graphite column as an aggregate of 

so carbon nanotubes. The graphite column is made up an 
aggregate of carbon nanotubes together with carbon 
nanopolyhedorons. Note that the outer hard husk 506a 
is polycrystalline graphite. 

[0086] As shown in Fig. 5C, the deposited column 506 
55 is cut in a predetermined length to form a deposit body 
506c as an aggregate of graphite columns. As shown in 
Fig. 5D, the deposit body 506c is fixed to the upper sur- 
face of an electrode 507 with a conductive adhesive 508 
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with the cut surface facing upward, thereby forming an 
electron -emitting source. Even the electron-emitting 
source manufactured in this manner can be used in 
place of the electron- emitting source according to the 
third embodiment in which the graphite column 421 is 5 
fixed to the electrode 406b with the conductive adhesive 
422. 

[0087] In the electron-emitting source according to the 
fourth embodiment, the longitudinal directions of a plu- 
rality of carbon nanotubes coincide with the normal line 
of the plane of the electrode 507. 

Fifth Embodiment 

[0088] A method of manufacturing an electron-emit- 
ting source according to the fifth embodiment of the 
present invention will be described. 
[0089] As shown in Fig. 6A, a metal plate is processed 
to connect a plate-like substrate 601 in a predetermined 
shape to a lead frame 601a. 

[0090] As shown in Fig. 6B, a conductive adhesive 
602 such as a silver paste is applied to a predetermined 
region on the surface of the substrate 601 . 
[0091] As shown in Fig. 6C, a graphite column 603 is 
formed on the conductive adhesive 602 so as to make 
the longitudinal direction of the graphite column 603 be 
perpendicular to the plane of the substrate 601. The 
conductive adhesive 602 is calcinated by heating in, 
e.g, an oxygen -containing atmosphere at about 400°C 
to 600°C, thereby fixing the graphite column 603 to the 
substrate 601. 

[0092] A pattern of the conductive adhesive 602 may 
be formed by photolithography using a photosensitive 
resist. In this case, the conductive adhesive must be 
photosensitive, which can be realized by adding, e.g., 
diazonium salts and zinc chloride. 
[0093] As shown in Fig. 6D, the substrate 601 having 
the graphite column 603 is cut from the frame 601a. 
[0094] Two ends 601 b of the substrate 601 are bent to 
form an electrode 604 with the graphite column 603 
fixed to its surface, as shown in Fig. 6E. That is, an elec- 
tron-emitting source is formed. With this procedure, a 
plurality of electrodes each having a graphite column 
fixed in advance as an electron-emitting source can be 
formed. Each electrode can be used as, e.g., the cath- 
ode structure 406 of the image tube in the third embod- 
iment. It is also possible that the electron emission 
characteristics of manufactured electron-emitting 
sources are checked in advance, and only ones excel- 
lent in characteristics are used. 
[0095] Formation of the graphite column 603 on the 
substrate 601 in Fig. 6C can be modified such that a fine 
powder of the graphite column 603 is blown onto the 
substrate 601 with a nozzle. In this case, the longitudi- 
nal direction of the graphite column 603 is made to be 
perpendicular to the plane of the substrate 601. An 
example of the used nozzle is one tapered toward its tip 
having an opening diameter of about 0.1 to several mm. 



The air discharge pressure of the nozzle is about 1 to 
several kg/cm' 2 . The used air is dry air such as normal 
air or nitrogen gas having a low humidity. 
[0096] Under these conditions, the graphite column 
603 is blown to the conductive adhesive 602 while the 
longitudinal direction of the graphite column 603 is 
almost perpendicular to the plane of the substrate 601 . 
[0097] Formation of the graphite column 603 on the 
substrate 601 in Fig. 6C can also be modified as follows. 
[0098] A graphite column powder is sprinkled to the 
substrate 601 and the frame 601a to form the graphite 
column powder layer on them. The graphite column 
powder layer is deposited on not only the conductive 
adhesive 602 but also the remaining region. The col- 
umn graphite powder is removed from the region except 
for the conductive adhesive 602 by blowing air, thereby 
leaving the graphite column 603 on only the conductive 
adhesive 602, as shown in Fig. 6C. 
[0099] The graphite column 603 may be formed by 
pressing the formation surface of the conductive adhe- 
sive 602 in the state shown in Fig. 6B against the graph- 
ite column powder. 

[0100] Formation of the graphite column 603 on the 
substrate 601 in Fig. 6C can also be modified as follows. 
[01 01 ] A pattern of a graphite column paste is formed 
in a predetermined region on the surface of the sub- 
strate 601, and at least part of the graphite column is 
exposed on the surface by removing part of the surface. 
As a result, the graphite column 603 is fixed to the sub- 
strate 601. 

[01 02] The graphite column paste is prepared by mix- 
ing graphite columns in a known silver paste (conduc- 
tive paste). The pattern is formed by screen printing 
using the paste as an ink. After the paste pattern is 
formed by printing or the like, the solvent and the like in 
the paste are volatilized, and the resultant paste is cal- 
cinated by heating in air at about 400 to 600°C for 15 to 
60 min to make the pattern rigid. This calcination may 
be performed in vacuum at. e.g., about 1 to 10" 3 Torr. 
[0103] In the formed paste pattern, the graphite col- 
umn is covered with another paste component. For this 
reason, part of the graphite column is exposed by, e.g., 
polishing the top of the pattern. 
[01 04] When the graphite column 603 is formed on the 
substrate 601 using the graphite column paste, part of 
the graphite column may be exposed as will be 
described in the sixth embodiment. 

Sixth Embodiment 

[0105] A method of manufacturing an electron-emit- 
ting source according to the sixth embodiment of the 
present invention will be described. 
[01 06] If the top of the paste pattern is cut and pol- 
ished to expose part of the graphite column on the paste 
pattern, cutting dust is generated and must be cleaned. 
In addition, cutting and polishing are difficult to uniformly 
expose carbon nanotubes on the surface of the graphite 
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column. 

[0107] In the sixth embodiment, carbon nanotubes 
constituting the electron-emitting source are uniformly 
exposed by. e.g., laser irradiation. 
[0108] The manufacture of the electron-emitting 
source will be explained. 

[0109] A bundle paste is prepared by kneading a nee- 
dle-like bundle (graphite column) mainly containing car- 
bon nanotubes and having a length of about ten ^m, 
and a silver paste (conductive viscous solution) at a 
kneading ratio of 1 : 1 . The silver paste is a fluid paste in 
which silver particles (metal particles) about 1 \itu in 
diameter are dispersed together with glass particles 
about 1 um in diameter in a viscous vehicle obtained by 
dissolving a resin in a solvent. As the vehicle, a material 
excellent in decomposability and volatility which can be 
removed by heating in air at about 300 to 400°C is used. 
As the glass particle, one which fuses at about 300 to 
400°C is used. 

[0110] The bundle paste is applied into a pattern by, 
e.g., screen printing on a predetermined metal disk 
(metal plate) made of, e.g., a nickel alloy, stainless steel, 
or a 426-aJloy. Together with the metal plate, the paste 
pattern formed on it is calcinated by heating at about 
450°C for a predetermined time. As a result, as shown 
in Fig. 7A, a printed pattern 710 is formed on a metal 
plate (substrate) 701 such that bundles 704 are covered 
with silver particles 703 bonded by binders 702 
obtained by fusing the glass particles. 
[0111] The printed pattern 710 made of the bundles 
704 can be easily formed in a desired shape by printing 
the paste. Since the electron-emitting source must flow 
the current, the whole electron-emitting source is made 
conductive by adding the silver particles 703. In the bun- 
dle paste, the bundles 704 and the silver particles 703 
are substantially uniformly dispersed. Also in the printed 
pattern 710, therefore, a plurality of bundles 704 are 
nearly uniformly dispersed. 

[01 1 2] The carbon nanotubes constituting the bundles 
704 can be used as a field emission type cold cathode 
electron source. The carbon nanotube is a fine needle- 
like structure having a diameter of about 4 to 50 nm and 
a length in 1 um order. Accordingly, the electron-emit- 
ting source constituted by a plurality of bundles 704 as 
aggregates of carbon nanotubes comprises many field 
emission type cold cathode electron sources. That is, 
this electron-emitting source comprises many electron- 
emitting terminals. 

[01 13] In the printed pattern 71 0 formed from the bun- 
dle paste, many bundles 704 are uniformly dispersed. 
The electron-emitting source of the sixth embodiment 
has the structure in which the printed pattern 710 is 
formed on the metal plate 701 , and many electron-emit- 
ting sources are formed in the surface of the printed pat- 
tern 710. 

[0114] As shown in Fig. 7A, however, the bundles 704 
are rarely exposed on the surface of the printed pattern 
710. This surface was observed with an electron micro- 



scope to find only silver particles bonded by binders, as 
shown in the electron micrograph in Fig. 7B. In this 
state, the carbon nanotubes having electron- emitting 
terminals ar hidden. Even upon application of the elec- 

s trie field to the printed pattern 710, electrons are hardly 
emitted. For this reason, at least the bundles 704 must 
be exposed on the surface of the printed pattern 710. 
[01 1 5] In the sixth embodiment, as shown in Fig. 7C. 
the surface of the printed pattern 71 0 is irradiated with a 

10 laser beam to selectively remove the silver particles 703 
and the binders 702 in the surface and expose the bun- 
dles 704. This state was observed with an electron 
microscope to find the tips of bundles exposed on the 
surface, as shown in the electron micrograph in Fig. 7 D. 

15 The silver particles 703 are removed by laser irradiation 
to expose the carbon nanotubes on the bundle sur- 
faces, as shown in the electron micrograph in FIG. 7E. 
[0116] As described above, the bundle is an aggre- 
gate of many carbon nanotubes together with carbon 

20 nanopolyhedorons. On the bundle surface, not only the 
carbon nanotubes but also the carbon nanopolyhedor- 
ons are exposed. Since the carbon nanopolyhedorons 
do not emit electrons, if only the carbon nanotubes are 
exposed on the bundle surface, a larger number of elec- 
ts trons can be emitted. 

[01 1 7] Since the carbon nanopolyhedorons as a car- 
bon component other than the carbon nanotubes are 
selectively removed from the bundle surface by laser 
irradiation, only the carbon nanotubes are uniformly 

30 exposed on the bundle surface. 

[0118] In laser irradiation, pulses are supplied using, 
e.g., a YAG laser at a voltage of 500 V, about 1 .1 J, and 
an interval of 0.6 to 0.7 ms. The used laser is not limited 
to the YAG laser and may be a carbon dioxide gas laser. 

35 In this laser irradiation, if the irradiation power is insuffi- 
cient, the silver particles and the glass particles bonding 
them are left on the surface, which obstructs electron 
emission; if the laser irradiation power is excessive, car- 
bon nanotubes also fuse, scatter, and decrease. 

40 [0119] According to the sixth embodiment, in the 
metal plate 701 having the printed pattern 71 0 constitut- 
ing an electron-emitting source, many bundles 704 are 
exposed on the surface of the printed pattern 710. In 
addition, carbon nanotubes 705 are uniformly exposed 

45 on the surfaces of the bundles 704. 

[01 20] The sixth embodiment can therefore realize an 
electron-emitting source in which a plurality of carbon 
nanotubes each having an end portion for actually emit- 
ting electrons are uniformly exposed on the surface of 

so the substrate (metal plate). The bundles in which the 
carbon nanotubes are uniformly exposed are fixed to 
the substrate together with silver particles as conductive 
particles, and thus the voltage can be applied to almost 
all the carbon nanotubes via almost all the bundles. 

55 [0121] This electron-emitting source can be manufac- 
tured by a simple method in the order of pattern forma- 
tion by, e.g., screen printing, calcination, and laser 
irradiation. 
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[01 22] In the sixth embodiment, since the carbon nan- 
otubes are exposed by laser irradiation, no cutting dust 
of silver particles and binders covering the bundles is 
generated. The carbon nanotubes can be uniformly 
exposed in the bundles. 

[0123] In the sixth embodiment, the printed pattern is 
formed on the metal plate, but may be formed on an 
insulating substrate. In this case, an interconnection for 
applying the voltage to the printed pattern is required. In 
this embodiment, the silver paste is used as a conduc- 
tive viscous solution, but the solution may be another 
conductive paste. For example, a conductive adhesive 
prepared by dispersing silver particles in an epoxy 
resin, a conductive paste using particles of an alloy of 
silver and copper, or a conductive polymer can be used. 
[0124] The bundles and the carbon nanotubes are 
exposed by laser irradiation, but the exposure method is 
not limited to this. They may be exposed by selective dry 
etching usjng a plasma, to be described below. 
[0125] For example, the printed pattern 710 shown in 
Fig. 7A is exposed to, e.g., an argon gas plasma to 
selectively etch particularly the silver particles 703 in 
the surface, as shown in Fig. 7F. In this etching, the sur- 
face of the printed pattern 710 is dry-etched by mainly 
sputtering using an argon plasma (another inert gas 
plasma may be used). In the dry etching, the silver etch- 
ing rate is higher about 20 times than the carbon etching 
rate. For this reason, while the carbon bundles 704 are 
hardly etched, the silver particles 703 can be selectively 
etched. As a result, the bundles 704 are exposed on the 
surface of a plasma-etched printed pattern 710a. 
[0126] Removing the silver particles from the surface 
facilitates concentration of the electric field by the car- 
bon nanotubes constituting the bundles 704 on the sur- 
face of the printed pattern 71 0a applied with the voltage. 
[0127] If many silver particles exist on the surface, or 
the surface is substantially covered with the silver parti- ' 
cles, the electric field is scattered by the silver particles 
present in the surface upon application of the voltage to 
a printed pattern. In the state of the printed pattern 710 
shown in Fig. 7A, concentration of the electric field to 
the carbon nanotubes for actually emitting electrons is 
suppressed. 

[01 28] However, if the bundles 704 are exposed on the 
surface, and the conductive silver particles 703 hardly 
exist in the surface, the electric field is easily concen- 
trated to the carbon nanotubes 705 constituting the bun- 
dles 704 on the printed pattern 710a, thereby more 
easily emitting electrons. 

[0129] Oxygen gas plasma processing may be per- 
formed subsequent to the argon gas plasma process- 
ing. The oxygen gas plasma processing can uniformly 
expose the carbon nanotubes on the bundle surfaces. 
In this plasma processing, hydrogen gas may replace 
oxygen gas. 

[0130] In dry etching using oxygen gas plasma, an 
etching target is etched considering the fact that the 
constituent element of the etching target and oxygen 



constitute a volatile compound. In dry etching using 
hydrogen gas plasma, the etching target is similarly 
etched. 

[0131] When the bundles are exposed to an oxygen 
5 plasma or a hydrogen plasma, the carbon nanopolyhe- 
dorons as another carbon composition, rather than the 
carbon nanotubes constituting the bundles, selectively 
react with oxygen or hydrogen, gasifies as carbon diox- 
ide or hydrocarbon, and etched away. 
w [0132] Accordingly, oxygen plasma processing subse- 
quent to the Ar gas plasma processing can uniformly 
expose the tips of the carbon nanotubes on the surface 
of the exposed bundles. 

[01 33] By the oxygen plasma processing in addition to 
is the argon gas plasma processing, a structure having 
many electron-emitting terminals can be manufactured, 
similar to the laser irradiation described above. 
[0134] Also in this case, the electron-emitting source 
can be manufactured by a simple method in the order of 
20 pattern formation by, e.g., screen printing, calcination, 
and plasma processing. 

[0135] The above electron-emitting source can be 
applied to, e.g., a vacuum fluorescent display appara- 
tus. 

25 [0136] In this case, the electron-emitting source is 
arranged inside a vacuum vessel constituting the vac- 
uum fluorescent display apparatus. An anode having a 
phosphor layer is arranged in the vacuum vessel to face 
the electron-emitting source. Electrons emitted by the 

30 electron-emitting source are bombarded against the 
phosphor layer. The anode may be used as an extrac- 
tion electrode, or an extraction electrode may be 
arranged between the phosphor layer and the electron- 
emitting source. 

35 [0137] In the above embodiment, the bundle as an 
aggregate of carbon nanotubes is used, but the used 
bundle may be pulverized and used. Alternatively, the 
binder may be decomposed to prepare single carbon 
nanotubes. 

40 [01 38] As described above, the carbon nanotube may 
have a monolayer or multilayer structure, a structure in 
which the tip is closed by a five-membered ring, or a 
structure in which the tip is open without any five-mem- 
bered ring. When a multilayer carbon nanotube whose 

45 tip is open is used, a larger number of electrons can be 
emitted. 

Seventh Embodiment 

so [0139] An electron-emitting source according to the 
seventh embodiment of the present invention will be 
described. 

[0140] The seventh embodiment is a modification of 
the cathode structure 406 in the image tube described 
55 in the third embodiment (Fig. 4A). 

[0141] In the seventh embodiment, a cathode struc- 
ture 810 arranged in a glass valve 801 is constituted as 
shown in Fig. 8. 
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[0142] A cylinder 812 made of an insulating materia! 
is set on a ceramic substrate 81 1 , and an electrode film 
813 is formed on the inner bottom and side surfaces of 
the cylinder 812. Although not shown, the electrode film 

813 is connected to a cathode lead. 5 
[0143] The cylinder 812 having the electrode film 813 
formed on the inner surface is filled with needle-like 
graphite columns 814 each made of an aggregate of 
carbon nanotubes and having a length of several jim to 
several mm, while their longitudinal directions substan- 
tially coincide with the direction to a phosphor screen 
(not shown). The cylinder 812 and the graphite columns 

81 4 are covered with a housing 81 5 having a mesh por- 
tion (electron extraction electrode) 81 5a. 
[0144] In the seventh embodiment, the cathode struc- 
ture 810 is constituted by using, as an electron-emitting 
source, the cylinder 812 filled with the graphite columns 

814 made of carbon nanotubes, fixing the cylinder 812 
to the ceramic substrate 811, and mounting the housing 

815 on the ceramic substrate 81 1 so as to cover them. 
The mesh portion 815a slightly spherically projects 
toward the phosphor screen (not shown). The mesh 
portion 815a may be flat. The housing 815 is formed by 
press-molding a stainless steel plate about 100 *im in 
thickness. The mesh portion 815a has a length of about 
6 mm, a width of about 4 mm, and a height of about 1 .25 
mm. The mesh portion 815a is apart 0.5 to 1 mm from 
the top of the cylinder 812. The interval between them is 
preferably small as far as they are not in contact with 
each other. 

[0145] The cathode structure 810 serving as an elec- 
tron-emitting source in the seventh embodiment having 
this arrangement emits electrons as follows. The elec- 
tric field is applied between the electrode film 813 and 
the housing 815. This concentrates a high electric field 
at the tips of the carbon nanotubes of the graphite col- 
umns 814 filled in the cylinder 812 in contact with the 
electrode film 813 to extract electrons and emit them 
from the mesh portion 815a. That is, in the seventh 
embodiment, the cathode structure 810 serves as a 
field emission type cold cathode electron source using, 
as an emitter, the carbon nanotubes of the graphite col- 
umns 814. 

[0146] According to the seventh embodiment, the 
electron-emitting source is constituted by the cylinder 
filled with the graphite columns made of the carbon nan- 
otubes, and is used as a field emission type cold cath- 
ode electron source. 

[0147] According to the seventh embodiment, the 
electron-emitting source can be easily used without any 
deterioration by a gas produced in the vacuum vessel 
because of the absence of a fragile component such as 
a filament. 

[0148] Since no filament heating power supply is 
required, the number of lead pins can be decreased, 
and the power consumption can be reduced. 
[0149] In addition, since the carbon nanotubes are 
filled in the cylinder, electrons emitted by the carbon 



nanotubes filled in the cylinder pass through the open- 
ing of the cylinder. That is, the opening of the cylinder 
functions as a stop to narrow the range of the traveling 
directions of electrons emitted by the filled carbon nan- 
otubes. 

[0150] Consequently, a larger number of electrons 
emitted by the carbon nanotubes filled in the cylinder 
travel toward the phosphor screen (not shown) in the 
structure shown in Fig. 8. The stop effect can be 
enhanced by filling the carbon nanotubes in the cylinder 
812 inward from the plane of the opening of the cylinder 
812. 

[0151] If the carbon nanotubes are not filled in the cyl- 
inder but formed in a flat electrode, the ratio of emitted 
electrons traveling toward the phosphor screen is as low 
as about 10%. However, if the carbon nanotubes 
(graphite columns) are filled in the cylinder as an elec- 
tron-emitting source, the ratio of emitted electrons 
traveling toward the phosphor screen can be increased 
to 60% or more. As a result, even with the same voltage, 
a larger current can be flowed, and stronger light can be 
emitted. 

[01 52] In this embodiment, the cylinder is made of an 
insulating material, and the electrode film is formed on 
the inner surface. However, the structure is not limited to 
this, and the cylinder may be made of, e.g., a conductive 
material. This structure can eliminate the electrode film 
newly formed on the inner surface of the cylinder. 
[0153] The seventh embodiment has exemplified the 
cathode structure used in the image tube, but is not lim- 
ited to this. The present invention can also be applied to 
another vacuum fluorescent display apparatus having a 
light-emitting portion made of a phosphor in the vacuum 
vessel, and an electron-emitting source for causing this 
portion to emit light. 

[01 54] For example, the present invention can be sim- 
ilarly applied to an image tube which changes the emis- 
sion color with an optical filter between the glass 
faceplate and the phosphor screen, and to an image 
tube which realizes a multicolor display with a plurality 
of phosphor screens in a single vacuum vessel. 
[0155] Further, the present invention can also be 
applied to a flat tube which displays characters in 
desired shapes with a phosphor screen in a desired 
shape. 

Eighth Embodiment 

[0156] A method of manufacturing an electron-emit- 
ting source according to the eighth embodiment of the 
present invention will be described. 
[0157] As shown in Fig. 9A, a bundle 902 of graphite 
columns 901 is prepared. If the tips of the graphite col- 
umns 901 are not aligned, an electron-emitting surface 
902a of the bundle 902 becomes uneven. The uneven 
electron-emitting surface 902a cannot uniformly emit 
electrons. However, it is difficult to bundle the graphite 
columns 901 with their tips being aligned, and form a flat 



15 



20 



25 



30 



35 



40 



45 



50 



11 



21 



EP 0 905 737 A1 



22 



electron-emitting surface. 

[0158] As shown in Fig. 9A, the bundle 902 is perpen- 
dicularly irradiated and cut with a laser beam 91 1 from 
its side surface to form a surface cut by the laser, 
thereby obtaining the bundle 902 having a flat electron- s 
emitting surface. 

[0159] During cutting, the laser beam 91 1 perpendic- 
ular to the bundle 902 is scanned on the plane including 
the cut surface. For example, a C0 2 laser beam (contin- 
uous oscillation) about 1 00 urn in diameter is repeatedly w 
scanned at an output of about 60 to 200 W and a scan- 
ning rate of about 10 mm/sec. 

[0160] Scanning the laser beam perpendicular to an 
electron-emitting surface 903 of the bundle 902 can 
increase the electron emission efficiency of the elec- is 
tron-emitting surface. On the electron-emitting surface, 
the tips of the graphite columns 901 are exposed. As 
described above, the graphite column 901 is made of an 
aggregate of carbon nanotubes and carbon nanopoly- 
hedorons. Electrons are easily emitted from the tips of 20 
the carbon nanotubes. For this reason, the tips of many 
carbon nanotubes are preferably exposed on the elec- 
tron-emitting surface. 

[0161] The carbon nanotube and a polycarbon pow- 
der such as a carbon nanopolyhedoron powder have 25 
different decomposition temperatures (combustion start 
temperatures). The carbon nanotube starts decomposi- 
tion and combustion by heating to 700°C or more in air. 
The polycarbon powder such as a carbon nanopolyhe- 
doron powder starts decomposition and combustion by 30 
heating to 650°C or more in air. 
[0162] Accordingly, the carbon powder except for the 
carbon nanotube can be removed from the flat electron- 
emitting surface of the bundle 902 by laser irradiation at 
an irradiated portion temperature slightly higher than 35 
650°C. Then, the ratio of the tips of the carbon nano- 
tubes exposed on the electron-emitting surface 
increases, and the electron emission efficiency of the 
electron-emitting surface increases. 
[0163] In irradiation of the laser beam for selective 40 
removal, a C0 2 laser beam (pulse oscillation) about 1 00 
to 200 urn in diameter is scanned perpendicularly to the 
electron-emitting surface at an output of about 200 W 
and a main scanning rate of about 10 mm/sec. The sub- 
scanning interval of the laser beam is set within the 45 
range of 1/5 to 5 times the diameter of the 50- to 100- 
u.m graphite column. 

[0164] After the bundle 902 is formed in the above 
way, the bundle 902 is fixed to an electrode 904 with a 
conductive adhesive 905 to obtain an electron-emitting so 
source in which the bundle 902 of the graphite columns 
with their tips aligned is formed on the electrode 904, as 
shown in Fig. 9 B. 

[01 65] Note that the bundle 902 having a flat electron- 
emitting surface is formed and then fixed to the elec- 55 
trode 904, but the formation order is not limited to this. 
The bundle 902 having an uneven electron-emitting sur- 
face 902a may be fixed to the electrode 904, and then 



the electron-emitting surface may be made flat by the 
above-described processing. 

[01 66] In the eighth embodiment, the electron- emitting 
source is constituted by fixing the bundle of the graphite 
columns with their tips aligned to the electrode. 
[0167] The graphite columns are bundled, and the dis- 
tal end of the bundle is cut flat with a laser beam, 
thereby obtaining aflat electron-emitting surface. In the 
electron-emitting source of the eighth embodiment, the 
longitudinal directions of a plurality of carbon nanotubes 
coincide with a predetermined direction, while their tips 
are aligned. Further, a larger number of carbon nano- 
tubes are exposed on the electron-emitting surface of 
the electron-emitting source of the eighth embodiment. 
[0168] According to the eighth embodiment, the elec- 
tron-emitting source is made of carbon nanotubes and 
used as a field emission type cold cathode electron 
source. Also in the eighth embodiment, the electron- 
emitting source can be easily used without any deterio- 
ration by a gas produced in the vacuum vessel because 
of the absence of a fragile component such as a fila- 
ment. 

[0169] Since no filament heating power supply is 
required, the number of lead pins can be decreased, 
and the power consumption can be reduced. 
[0170] When the electron- emitting source of the 
eighth embodiment is used in the image tube described 
in the third embodiment, electrons can be emitted from 
the tips of almost all the carbon nanotubes constituting 
the electron-emitting source, and guided to the phos- 
phor screen, resulting in a high luminance. 

Ninth Embodiment 

[01 71 ] The above embodiments have exemplified the 
case in which the electron-emitting source is used in the 
electron gun of a picture tube or the image tube. How- 
ever, the electron-emitting source of the present inven- 
tion is not limited to them and may be used in an FED 
(Field Emission Display) as follows. 
[0172] The electron-emitting source of the present 
invention used in the FED will be described with refer- 
ence to Fig. 10A to 11. Figs. 10Ato 10C and 11 show 
the basic arrangement of the FED in the ninth embodi- 
ment. In Figs. 10A to 10C, Fig. 10A shows the section 
taken along the line A - A' in Fig. 1 1 , Fig. 10B shows the 
section taken along the line B - B* in Fig. 11, and Fig. 
10C shows the section taken along the line C - C in Fig. 
11. 

[01 73] The arrangement of the FED will be explained. 
An electrode interconnection layer 1002 is formed on a 
substrate 1001, and an insulating film 1003 is formed on 
the electrode interconnection layer 1002. 
[0174] Substrate-side ribs 1004 are formed on the 
insulating film 1003 at a predetermined interval. Elec- 
tron-emitting sources 1005 are formed at the portions of 
the insulating film 1003 between the substrate-side ribs 
1004 at a predetermined interval. Each electron-emit- 
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ting source 1005 is connected to any interconnection of 
the electrode interconnection layer 1002 via a through 
hole formed in the insulating film 1003. 
[01 75] A transparent front glass substrate 1 007 faces 
the substrate 1001. The front glass substrate 1007 and 5 
the substrate 1001 are spaced apart by a predeter- 
mined distance by the substrate-side ribs 1004 and 
front ribs 1 008 laid out perpendicularly to them. The gap 
between the front glass substrate 1007 and the sub- 
strate 1001 are kept in vacuum. 10 
[0176] Light-emitting portions 1010 made of a phos- 
phor are formed in stripes in the regions between the 
front ribs 1008 on the inner surface of the front glass 
substrate 1007. A metal-back film 1011 formed by 
depositing an aluminum film is formed on the surface of is 
each light-emitting portion 1010. 
[0177] As the phosphor constituting the light-emitting 
portion 1010, one used in a CRT or the like which emits 
light upon bombardment of electrons accelerated at a 
high energy of 4 to 10 keV is used. 20 
[0178] As the phosphor constituting the light-emitting 
portion 1010, one used in a vacuum fluorescent display 
tube or the like which emits light upon bombardment of 
electrons accelerated at a low energy of 10 to 150 eV 
may be used. In this case, a transparent electrode is 25 
arranged between the light-emitting portion 1010 and 
the front glass substrate 1007 without forming the 
metal-back film 1011, and the voltage is applied from 
the transparent electrode to the light-emitting portion 
1010. 30 
[0179] In this arrangement, when a positive voltage is 
applied to the metal-back film 1011, and a negative volt- 
age is applied to a predetermined interconnection of the 
electrode interconnection layer 1002, an electron-emit- 
ting source 1005 connected to this interconnection 35 
emits electrons. The emitted electrons reach a light- 
emitting portion 1010 facing the electron -emitting 
source 1005 to cause the light-emitting portion 1010 to 
emit light. 

[0180] The FED is constituted by laying out a plurality 40 
of electron-emitting sources 1005 in a matrix so as to 
face a plurality of light-emitting portions 1010 laid out in 
stripes. 

[0181 ] Note that an FED capable of color display can 
be realized by making given light-emitting portions 1010 45 
of a phosphor for emitting red light, adjacent light-emit- 
ting portions 1010 of a phosphor for emitting blue light, 
and next adjacent light-emitting portions 1010 of a 
phosphor for emitting green light. 

[0182] In the ninth embodiment, the electron -emitting so 
source 1005 is made of carbon nanotubes, to be 
described below. 

[0183] More specifically, the electron-emitting source 
1 005 is formed by fixing, to a predetermined region with, 
e.g., a conductive adhesive, needle-like graphite col- ss 
umns (needle-like structures) which are made of an 
aggregate of carbon nanotubes and have a length of 
several ten urn to several mm. The electron-emitting 



source 1005 may be formed by pattern formation by 
printing using a graphite column paste. The longitudinal 
direction of the graphite column preferably substantially 
coincides with the direction to the light-emitting portion 
1010. 

[0184] The graphite column is a needle-like structure 
made of an aggregate of carbon nanotubes oriented in 
almost the same direction. 

[0185] In the electron-emitting source, electrons are 
emitted from the tips of the carbon nanotubes. 
[0186] In the ninth embodiment, the electron -emitting 
source of the FED is made of the carbon nanotubes. 
[0187] According to the ninth embodiment, the elec- 
tron-emitting source can be formed by, e.g., printing at 
very low cost. For example, the electron-emitting source 
can be formed by applying the graphite column paste 
into a predetermined pattern on the substrate by screen 
printing. 

[0188] For example, a paste is prepared by kneading 
needle-like graphite columns mainly containing carbon 
nanotubes and having a length of about ten urn, and a 
silver paste (conductive viscous solution) at a kneading 
ratio of 1 :.1 . The silver paste is a fluid paste in which sil- 
ver particles (metal particles) about 1 urn in diameter 
are dispersed together with glass particles about 1 ^m 
in diameter in viscous vehicle obtained by dissolving a 
resin in a solvent. As the vehicle, a material excellent in 
decomposability and volatility which can be removed by 
heating in air at about 300 to 400°C is used. As the 
glass particle, one which fuses at about 300 to 400°C is 
used. 

[0189] The paste is applied into a pattern on a prede- 
termined portion of the substrate by, e.g., screen print- 
ing. Together with the substrate, the paste pattern 
formed on it is calcinated by heating at about 450° C for 
a predetermined time. As a result, a printed pattern is 
formed such that the carbon nanotubes are covered 
with the silver particles bonded by binders obtained by 
fusing the glass particles. 

[0190] The printed pattern made of the graphite col- 
umns can be easily formed in a desired shape by print- 
ing the paste. However, the graphite columns are rarely 
exposed on the surface of the printed pattern. In this 
state, the carbon nanotubes having electron -emitting 
terminals are hidden. Even upon application of the elec- 
tric field to the printed pattern, electrons are hardly emit- 
ted. For this reason, the graphite columns are exposed 
on the surface of the printed pattern by the above-men- 
tioned processing such as laser irradiation or plasma 
processing. 

[0191] Since a plurality of carbon nanotubes exist in 
the electron-emitting source, as described above, many 
electron-emitting terminals exist in a unit area. There- 
fore, a larger number of electrons can be emitted, i.e.. a 
larger current can be flowed through the phosphor 
screen, resulting in high luminance. 
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10th Embodiment 

[0192] The 1 0th embodiment of the present invention 
will be described. 

[0193] Another example of the FED using the elec- 
tron-emitting source of the present invention will be 
explained with reference to Fig. 12. Fig. 12 shows the 
basic arrangement of the FED in the 10th embodiment 
of the present invention. Fig. 12 shows the section cor- 
responding to the section taken along the line C • C in 
Fig. 11. 

[01 94] The arrangement of the FED will be explained. 
An electrode interconnection layer 1202 is formed on a 
substrate 1201 , and an insulating film 1203 is formed on 
the electrode interconnection layer 1202. 
[0195] Substrate-side ribs 1204 are formed on the 
insulating film 1203 at a predetermined interval. Elec- 
tron-emitting sources 1 205 are formed at the portions of 
the insulating film 1203 between the substrate-side ribs 
1204 at a predetermined interval. Also in the 10th 
embodiment, similar to the ninth embodiment, each 
electron-emitting source 1205 is made of carbon nano- 
tubes. The electron-emitting source 1205 is connected 
to any interconnection of the electrode interconnection 
layer 1202 via a through hole formed in the insulating 
film 1203. In the 10th embodiment, as shown in Fig. 12, 
an electron extraction electrode 1206 is formed on each 
substrate-side rib 1 204. 

[01 96] A transparent front glass substrate 1 207 faces 
the substrate 1201 . The front glass substrate 1207 and 
the substrate 1201 are spaced apart by a predeter- 
mined distance by the substrate-side ribs 1204 and 
front ribs 1208 laid out perpendicularly to them. The gap 
between the front glass substrate 1207 and the sub- 
strate 1201 are kept in vacuum. 
[0197] Similar to the ninth embodiment, light-emitting 
portions 1210 made of a phosphor are formed in stripes 
in the regions between the front ribs 1208 on the inner 
surface of the front glass substrate 1207. A metal-back 
film 1211 formed by depositing an aluminum film is 
formed on the surface of each light-emitting portion 
1210. 

[01 98] In this arrangement, when a positive voltage is 
applied to the metal-back film 1 21 1 , a positive voltage is 
applied to the electron extraction electrode 1206, and a 
negative voltage is applied to a predetermined intercon- 
nection of the electrode interconnection layer 1202, an 
electron-emitting source 1205 connected to this inter- 
connection emits electrons. The emitted electrons 
reach a light-emitting portion 1210 facing the electron- 
emitting source 1205 to cause the light-emitting portion 
1210 to emit light. The FED is constituted by laying out 
a plurality of electron -emitting sources 1205 in a matrix 
so as to face a plurality of light-emitting portions 1210 
laid out in stripes. 

[0199] Also in the 10th embodiment, the electron- 
emitting source of the FED is made of the carbon nano- 
tubes. The electron-emitting source can be formed by, 



e.g., printing at very low cost. For example, the electron- 
emitting source can be formed by applying the graphite 
column paste into a predetermined pattern on the sub- 
strate by screen printing. 

5 [0200] The electron-emitting source is made of a plu- 
rality of graphite columns, as described above. That is, 
since a plurality of carbon nanotubes exist in the elec- 
tron-emitting source, many electron-emitting terminals 
exist in a unit area. Accordingly, also in the FED of the 

w 10th embodiment, a larger number of electrons can be 
emitted from the electron-emitting source, i.e., a larger 
current can be flowed through the phosphor screen, 
resulting in high luminance. 

15 11th Embodiment 

[0201] Although the ninth and 10th embodiments 
employ the substrate-side and front ribs, the present 
invention is not limited to this, and either one of the ribs 
20 suffices to be arranged. 

[0202] The case in which the rib is formed on only one 
side will be described as the 11th embodiment of the 
present invention. 

[0203] More specifically, as shown in Fig. 13, an elec- 
ts trode interconnection layer 1302 is formed on a sub- 
strate 1 301 , and an insulating film 1 303 is formed on the 
electrode interconnection layer 1302. Ribs 1304 are set 
on the insulating film 1303 at a predetermined interval. 
Electron-emitting sources 1305 are formed at the por- 
30 tions of the insulating film 1 303 between the ribs 1 304 at 
a predetermined interval. Each electron-emitting source 
1305 is connected to any interconnection of the elec- 
trode interconnection layer 1302 via a through hole 
formed in the insulating film 1303. The electron- emitting 
35 source 1305 is made of carbon nanotubes. 

[0204] A transparent front glass substrate 1 307 faces 
the substrate 1301. In the 11th embodiment, the front 
glass substrate 1307 and the substrate 1301 are 
spaced apart by a predetermined distance by the ribs 
40 1304. The gap between the front glass substrate 1307 
and the substrate 1301 are kept in vacuum. 
[0205] Light-emitting portions 1310 made of a phos- 
phor are formed in stripes in the regions between the 
front ribs 1308 on the inner surface of the front glass 
45 substrate 1307. A metal-back film 1311 formed by 
depositing an aluminum film is formed on the surface of 
each light-emitting portion 1310. 
[0206] As the phosphor constituting the light- emitting 
portion 1310, one used in a CRT or the like which emits 
so light upon bombardment of electrons accelerated at a 
high energy of 4 to 10 keV is used. 
[0207] In the 1 1th embodiment, the light-emitting por- 
tion 1310 is formed in the region between the ribs 1304. 
However, the present invention is not limited to this, and 
55 the upper portion of the rib may be in contact with the 
upper portion of the formed light-emitting portion. 
[0208] As has been described above, the electron- 
emitting source of the present invention is made of car- 
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bon nanotubes formed from a columnar graphite layer. 
The carbon nanotubes may be formed from a multilayer 
graphite column whose tip is open. In general, a plural- 
ity of carbon nanotubes aggregate to a needle-like 
structure. 

[0209] With this structure, electrons can be emitted 
from the tips of the carbon nanotubes upon application 
of the voltage to the carbon nanotubes in vacuum. The 
electron-emitting source using the carbon nanotubes is 
a resistant structure. This allows to apply a higher volt- 
age, and thus the electron -emitting source can emit a 
larger number of electrons. Since the carbon nanotube 
is a rigid structure which is hardly oxidized, the electron- 
emitting source can be manufactured more easily than 
a conventional electron -emitting substance made of a 
ternary oxidize. 

[0210] In the electron-emitting source of the present 
invention, the carbon nanotubes are fixed to the sub- 
strate with a conductive adhesive. 
[0211] With this structure, electrons can be emitted 
from the tips of the carbon nanotubes upon application 
of the voltage to the carbon nanotubes via the substrate 
in vacuum. The electron -emitting source using the car- 
bon nanotubes is a resistant structure. This allows to 
flow a larger current, and thus the electron-emitting 
source can emit a larger number of electrons. Since the 
carbon nanotube is a rigid structure which is hardly oxi- 
dized, the electron-emitting source can be manufac- 
tured more easily than a conventional electron-emitting 
substance made of a ternary oxidize. 
[0212] In the electron-emitting source of the present 
invention, the substrate is recessed, and the recess is 
filled with a plurality of carbon nanotubes. 
[0213] With this structure, electrons can be emitted 
from the tips of the carbon nanotubes upon application 
of the voltage to the carbon nanotubes via the substrate 
in vacuum. The electron -emitting source using the car- 
bon nanotubes is a resistant structure. This allows to 
flow a larger current, and thus the electron -emitting 
source can emit a larger number of electrons. Since the 
electron-emitting source has a plurality of carbon nano- 
tubes, it has a plurality of electron-emitting terminals 
and thus can emit many electrons. Since the carbon 
nanotube is a rigid structure which is hardly oxidized, 
the electron-emitting source can be manufactured more 
easily than a conventional electron-emitting substance 
made of a ternary oxidize. 

[0214] In a method of manufacturing the electron- 
emitting source of the present invention, a paste 
obtained by dispersing, in a conductive viscous solu- 
tion, a plurality of needle-like structures each made of 
an aggregate of carbon nanotubes is prepared. A pat- 
tern of this paste is formed on the substrate. Portions 
except for the needle-like structures are removed from 
the surface of the pattern by a predetermined amount to 
at least partially expose the needle-like structures, 
thereby manufacturing an electron-emitting source in 
which the carbon nanotubes are fixed to the substrate. 
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The portions except for the needle-like structures are 
removed by laser irradiation or plasma processing. 
[021 5] With this processing, the needle-like structures 
can be exposed. By laser irradiation, the portions of the 

5 needle-like structures except for the carbon nanotubes 
can be removed to expose the electron-emitting tips. 
This allows the electron-emitting source to flow a large 
current and emit a larger number of electrons. 
[0216] In a method of manufacturing the electron- 

10 emitting source of the present invention, a paste 
obtained by dispersing, in a conductive viscous solu- 
tion, a plurality of needle-like structures each made of 
an aggregate of carbon nanotubes is prepared. A pat- 
tern of this paste is formed on the substrate. Portions 

75 except for the needle-like structures are removed from 
the surface of the pattern by a predetermined amount to 
at least partially expose the needle-like structures. In 
addition, portions except for the carbon nanotubes are 
removed from the tips of the needle-like structures by a 

20 predetermined amount to expose the tips of the carbon 
nanotubes, thereby manufacturing an electron -emitting 
source in which the carbon nanotubes are fixed to the 
substrate. The portions except for the needle-like struc- 
tures are removed by exposing the pattern to an oxygen 

25 or hydrogen gas plasma. 

[021 7] With this processing, the electron- emitting tips 
can be exposed. This allows the electron-emitting 
source to flow a large current and emit a larger number 
of electrons. 

30 

Claims 

1. An electron-emitting source characterized by com- 
prising: a carbon nanotube (132) formed from a 

35 columnar graphite layer. 

2. A source according to claim 1 , wherein the carbon 
nanotube is formed from a multilayer graphite col- 
umn whose tip is open. 

40 

3. A source according to claim 1 , further comprising a 
needle-like structure (131) made of an aggregate of 
carbon nanotubes. 

45 4. A source according to claim 3, further comprising a 
plurality of needle-like structures (131) while longi- 
tudinal directions coincide with the same direction. 

5. An electron-emitting source characterized by com- 
50 prising: a carbon nanotube (132) formed from a 
columnar graphite layer fixed to a substrate (406a, 
507, 601, 701, 904) with a conductive adhesive 
(422, 508, 602, 710a, 905). 

55 6. A source according to claim 5, wherein the carbon 
nanotube is fixed to the substrate with the conduc- 
tive adhesive while a tip of the carbon nanotube is 
exposed. 
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7. An electron-emitting source characterized by com- 
prising: a substrate (301, 812) having a recess 
(301a); and a plurality of carbon nanotubes formed 
from a columnar graphite layer, the plurality of car- 
bon nanotubes being filled in the recess. 

8. A source according to claim 6, wherein a plurality of 
recesses are formed in a surface of the substrate 
and filled with the plurality of carbon nanotubes. 

9. An electron-emitting source characterized by com- 
prising: a central portion (506b) made of a plurality 
of needle-like structures whose longitudinal direc- 
tions coincide with the same direction and each of 
which is an aggregate of carbon nanotubes whose 
longitudinal directions coincide with the same direc- 
tion and which are formed from a columnar graphite 
layer; and polycrystalline graphite (506a) covering 
the central portion. 

10. An electron-emitting source characterized by com- 
prising: an aggregate (902) obtained by bundling a 
plurality of needle-like structures each as an aggre- 
gate of carbon nanotubes whose longitudinal direc- 
tions coincide with the same direction and which 
are formed from a columnar graphite layer, while 
tips of the needle-like structures are aligned. 

11. A method of manufacturing an electron-emitting 
source, characterized by comprising the steps of: 
preparing a paste obtained by dispersing, in a con- 
ductive viscous solution, a plurality of needle-like 
structures (704) each made of an aggregate of car- 
bon nanotubes formed from a columnar graphite 
layer; forming a pattern (710) of the paste on a sub- 
strate (701); and removing a portion except for the 
needle-like structures from a surface of the pattern 
by a predetermined amount to at least partially 
expose the needle-like structures, thereby manu- 
facturing an electron-emitting source in which the 
carbon nanotubes are fixed to the substrate. 

1 2. A method according to claim 1 1 , wherein the step of 
removing a portion except for the needle-like struc- 
tures comprises irradiating a surface of the pattern 
with a laser beam. 

1 3. A method according to claim 1 1 , wherein the step of 
removing a portion except for the needle-like struc- 
tures comprises exposing a surface of the pattern 
to an inert gas plasma. 

14. A method according to claim 11, wherein the con- 
ductive viscous solution is formed by dispersing a 
plurality of glass particles and a plurality of metal 
particles (703) in a viscous solvent in which a resin 
is dissolved, and the pattern is formed by fusing the 
gtass particles in the paste and fixing the metal par- 



ticles and the needle-like structures to the substrate 
with the fused glass (702). 

15. A method of manufacturing an electron- emitting 
s source, characterized by comprising the steps of: 

preparing a paste obtained by dispersing, in a con- 
ductive viscous solution, a plurality of needle-like 
structures (704) each made of an aggregate of car- 
bon nanotubes formed from a columnar graphite 

w layer; forming a pattern (71 0) of the paste on a sub- 
strate (701); removing a portion except for the nee- 
dle-like structures from a surface of the pattern by a 
predetermined amount to at least partially expose 
the needle-like structures; and removing a portion 

is except for the carbon nanotubes from tips of the 
needle-like structures by a predetermined amount, 
thereby manufacturing an electron-emitting source 
in which the carbon nanotubes are fixed to the sub- 
strate. 

20 

16. A method according to claim 15, wherein the steps 
of removing a portion except for the needle-like 
structures and removing a portion except for the 
carbon nanotubes comprise irradiating a surface of 

25 the pattern with a laser beam. 

17. A method according to claim 1 5, wherein the step of 
removing a portion except for the needle-like struc- 
tures comprises exposing a surface of the pattern 

30 to an inert gas plasma, and the step of removing a 
portion except for the carbon nanotubes comprises 
exposing the surface of the pattern to an oxygen or 
hydrogen gas plasma. 

35 18. A method according to claim 15, wherein the con- 
ductive viscous solution is formed by dispersing a 
plurality of glass particles and a plurality of metal 
particles (703) in a viscous solvent in which a resin 
is dissolved, and the pattern is formed by fusing the 

40 glass particles in the paste and fixing the metal par- 
ticles and the needle-like structures to the substrate 
with the fused glass (702). 
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